The study of plant trait-environment links is rarely focused on traits that inform on space occupancy 41 and resprouting (both affecting plant persistence), especially in forest understories. Traits that can 42 effectively capture such key functions are associated with clonality and bud banks. We hypothesized 43 that: 1) climate is the main driver of clonal and bud bank traits, 2) traits related to space occupancy 44 (e.g., greater lateral spread) are more important in more mesic, richer soils forests, and 3) traits 45 related to resprouting ability (e.g., larger bud bank) are more important in more intensively and 46 recently managed forests. We addressed these hypotheses by analysing a unique dataset that is 47 statistically representative of Italian forests heterogeneity and includes three biogeographic regions 48 (Alpine, Continental, Mediterranean). We recorded data for sixteen climatic, soil and management 49 variables. We calculated community weighted mean (CWM) values of seven clonal and bud bank 50 traits for the forest understory vegetation. We used i) redundancy analysis to assess trait-51 environment relations, and ii) variance partitioning analyses to identifying the relative role of 52 different groups of abiotic variables on CWM variation of all traits combined together, as well as 53 clonal and bud bank traits taken separately. Climate alone had a pervasive effect in determining 54 patterns of clonal and bud bank traits in Italian forest understories, mainly related to the effects of 55 temperature extremes and seasonality. Unexpectedly, soil and management factors alone showed 56 marginal effects on clonal and bud bank traits. However, soil features influenced trait patterns when 57 joined with climate. Our results confirmed that, at the biogeographic scale, climate played a lion-58 share role in determining persistence-related traits of forest-floor plants. At the local-scale, other 59 interplaying factors (e.g., management, soil variables) may come into play in shaping patterns of the 60 studied plant traits. This study stressed the importance of examining functional trait patterns along 61 complex environmental gradients. 62 63 64
Introduction 75
Understanding how vegetation responds to environmental variation is a longstanding, fundamental 76 goal in ecology (von Humboldt and Bonpland, 1807; Schimper, 1903) . Trait-based approaches are 77 particularly suited to examine plant-environment relationships (Weiher et al., 1999 Thus far, the study of plant-environment linkages focused mainly on traits informative on resource 95 acquisition and use strategies. These traits are associated with 1) aboveground organs, e.g., leaf-96 height-seed scheme (Westoby, 1998) , leaf and wood economics spectra Wright et al., 2004;  Chave 97 involving different management practices (see also Chelli et al. 2019) , and (d) there is a high 141 diversity of soil types due to the great variety of pedogenetic processes (Costantini et al., 2013) . 142
Given the range in within-country factors described above, we expected that: (H1) climate is the 143 main driver of traits associated with clonality and resprouting (macro-scale filter); (H2) traits 144 related to space occupancy ability (e.g., larger lateral spread) are more important in mesic, rich-soil 145 forests (habitat-scale filter); (H3) traits related to resprouting ability (e.g., perennial and larger 146 belowground bud bank) are more relevant in more intensively and recently managed forests 147 (habitat-scale filter). 148 149 2. Materials and methods 150
Study area and sampling design 151
The study area covered forested regions of Italy, estimated to be around 9 million hectares, 152 distributed in Mediterranean, Continental and Alpine biogeographic regions. The sampling design 153 was systematic and probabilistic (WGFB, 2011) and was based on a grid superimposed onto the 154 whole country with cells of 16 km x 16 km, with each corner of this grid being included as a sample 155 area if a forest larger than 1 ha was found there (after a field-check). This grid belongs to the 156 transnational network for monitoring the forest health status in Europe (ICP Forests: http://icp-157 forests.net/). For the entire country, the sampling strategy resulted in a dataset composed by 201 158 sampling areas (forest stands; Figure 1 ). In each forest stand, we sampled a 400 m² area within 159 which we recorded the plant species composition. We collected data on presence/absence and which is correlated with the total woody biomass, stand maturity and successional stage (Pinho et 180 al., 2018 and references therein), total vegetation cover (including overstory), and litter cover. These 181 three variables are recognized key biotic drivers determining microhabitat suitability to species, 182 especially for forest understory vegetation, as these parameters can largely contribute to 183 microclimatic buffering capacity (Kovács et al., 2017) . We collected current land-use data related to 184 deadwood removal, and total released deadwood. In particular, deadwood removal is linked to 185 management practices aimed at avoiding the spreading of diseases, pests, or fires (Travaglini et al., 186 2007) . Total released deadwood is widely considered a good proxy for disturbance intensity in 187 managed forests, due to linkages with stand management gradients (Schall and Ammer, 2013; 188 Puletti et al., 2017) . 189 190
Clonal and bud bank traits 191
We collected seven binary (i.e., presence/absence) clonal and bud bank traits (Table 2) Table 2 ), ability to recover after disturbance (i.e., clonal growth organ position 196 belowground, bud protection, large bud bank, perennial bud bank belowground; Table 2) , capacity 197 to share resources among ramets (long-term connection; Table 2) 
Explanatory variables selection 206
We carried out stepwise ordination in order to identify the most parsimonious set of single 207 explanatory variables for all traits together, and clonal and bud bank traits separately (Økland and 208 Eilertsen, 1994) . Stepwise forward ordination is a procedure for selecting a subset of explanatory 209 variables from the set of all variables available for a constrained ordination. The goal was to reduce the number of explanatory variables in the analysis, while maximizing the variation explained by 
Relationship between CWM values and environmental variables
the variables identified by the stepwise selection was significant (P < 0.001; Fig. 2 ). The first axis lesser degree, soil parameters. The second axis explained only 1.7% of the total variability and it 248 was primarily associated with precipitation and forest management. Along the first RDA axis, 249 negative values were related to forest stands characterized by higher temperature seasonality and 250 lower temperature of both the coldest and warmest month. They are mainly located in the Alpine 251 and Continental biogeographic regions of Central and Northern Italy on nutrient poor soils. Forests 252 in that grouping also were more mature (higher basal area) and the forest understory vegetation was 253 characterized by a higher percentage of clonal species with belowground clonal organs, long-term 254 connections among ramets, and higher resprouting abilities (large belowground bud bank; Fig. 2 ). 255
Positive values on the first RDA axis were forest stands mainly located in the Mediterranean 256 biogeographic region. Forests in that area had warmer climatic conditions and occurred on richer 257 soils, with understory plants characterized by lower abilities to occupy space and resprout (Fig. 2) . 258
Because the second RDA axis accounted for very little of the overall variation in the data, it is 259 difficult to draw conclusions regarding forest characteristics and clonal traits of the understory 260 vegetation but several features are worth mentioning. For example, negative values on the second 261 axis identified forest stands with higher precipitation in the wettest month and less intense 262 management, i.e., with no deadwood removal. These forests were characterized by understory 263 communities with fast lateral spread and perennial belowground bud bank (Fig. 2) . Positive values 264 described plots having opposed environmental conditions (i.e., more intensively managed and with 265 lower precipitation in the wettest month), and distinguished by opposing trait patterns (i.e., slower 266 lateral spread, and short-lived belowground bud bank). 267 268
Variance partitioning 269
The amount of total variation explained by the three groups of variable-types (i.e., climate, soil, 270 management parameters) was 14.8% for all traits, 16.0% for clonal traits and 14.3% for bud bank 271 traits (Fig. 3a) . Climate alone explained the largest proportion of the variation for all (9.9%), clonal 272 (10.4%) and bud bank traits (10.9%), amounting approximately between 65% and 75% of 273 standardized variation (Fig. 3b) . Forest management and soil variables alone did not have strong 274 relationships with clonal and bud bank traits (<1%, Fig. 3 ). The interaction between climate and soil 275 variables explained a limited variation of the trait groups (between 2.5% and 3.0%). 276 variation of most of the clonal and bud bank traits. Climate explained approximately between 65% 281 and 75% of standardized variation (Fig. 3b ) and it was related to clonal and bud bank traits that 282 described space occupancy and resprouting abilities (hence persistence process; Klimešová Our findings that more mesic and colder forests hosted understory communities with higher clonal 310 and resprouting abilities was in line with previous studies (Ye et al., 2014; Vojtkó et al., 2017) , 311 partially supporting H2. However, these forests were also poorer in soil nutrients, thus contrasting 312 the second part of our hypothesis, in which we predicted higher importance of traits related to space 313 occupancy ability in more mesic, richer soils forests. Drier, warmer forests plots were characterized suggest that in poorer environments, space occupancy and resprouting ability could be constrained 318 by limiting resources available to support plant growth. The evidence of prevailing clonal strategies 319 in cold forests contribute also to the open debate about the dominance of clonality in cold 320 environments as an effective strategy under constraining conditions (Klimešová and Doležal, 2011) . 321
We found that less disturbed forests were distinguished by understory communities having 322 perennial belowground bud bank. This result was contrary to the prediction of greater importance 323 of traits related to bud bank-resprouting ability in more disturbed stands (H3). Bud banks are known 324 to act as a buffer against disturbance (see Klimešová and Herben, 2015 , and references therein). Our 325 results may be related to the severity of disturbance as clonal plants may have not been able to build 326 sufficient storage of carbohydrates for resprouting when the disturbances are severe (Iwasa and 327 Kubo, 1997) . This could be the case of recently coppiced forests in which stands were exposed to 328 more severe drought, frost, and soil erosion (Ciancio et al., 2006) . These abiotic limitations and 329 processes can generate a cascade of detrimental effects on bulk density or porosity and depletion of 330 the soil organic matter and other nutrients (Rubio and Escudero, 2003) . Under these circumstances, 331 the prevalence of seed regeneration is more likely to occur than vegetative reproduction (Klimešová 332 and Herben, 2015) , and such regeneration from seeds is usually negatively correlated with 333 resprouting capacity (Bellingham and Sparrow, 2000). Additionally, in less disturbed forests, 334 understories showed higher space occupancy ability (i.e., fast lateral spread). This increased 335 mobility probably reflected an effective strategy responding to the higher spatio-temporal 336 The degree to which trait variation was explained by environmental variables (14.3%-16.0%) in this 341 study was comparable to results of related studies in other forests (e.g., 9-31%, Vanneste et al., 342 2019). However, our research was based on a probabilistic sampling design (representative of the 343 entire set of Italian forest types), and not on selected gradients (e.g., see Vanneste et al., 2019) . This 344 implied that we did not homogenize any of the environmental variables, so including a large 345 environmental variability, that may be the main cause of the unexplained variance in the models. ; see table 2 for abbreviations), whereas  580 blue labels and arrows report predictors (variables related to climate, soil, structure and 581 management; see table 1 and 2 for abbreviations). 582 
